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Spintronics devices utilizing a magnetic domain-wall motion have attracted increasing attention, and ferri-
magnetic materials with almost-compensated magnetic moments are highly required to realize the fast magnetic
domain-wall motion. Here, we report a key function for this purpose in the antiperovskite CoxMn4−xN film.
We have grown CoxMn4−xN films with various Co/Mn ratios on SrTiO3(001) by molecular-beam epitaxy.
High-quality growth is confirmed and a perpendicular magnetization emerges at x = 0, 0.2, 0.5, and 0.8, whereas
it turns into in plane for x � 1.1. The saturation magnetization MS decreases as x increases and reaches a
minimum value of 15 emu/cm3 at x = 0.8. Then, it increases with x when 0.8 � x � 3.6 and saturates. These
results indicate that MS and magnetic anisotropy of CoxMn4−xN films can be manipulated by the Co composition.
X-ray absorption spectroscopy and magnetic circular dichroism measurements revealed that Co atoms tend
to occupy the I site in the antiperovskite lattice and reasonably explains the origin of minimum MS near
x = 0.8, where a compensation of magnetic moments occurs among different atomic sites. We consider that
the nearly compensated ferrimagnetic Co0.8Mn3.2N is suitable for application to current-induced domain-wall
motion devices.

DOI: 10.1103/PhysRevB.101.104401

I. INTRODUCTION

Spintronics has gained much attention as an emerging
research topic of targeting novel functional devices utiliz-
ing both electron’s charge and spin. For instance, a spin-
transfer torque-driven magnetic random access memory [1]
and a current-induced magnetic domain-wall motion device
[2] were proposed. Ferromagnetic films possessing perpendic-
ular magnetic anisotropy (PMA) are required to improve the
performance of these spintronics devices [3–7]. The perpen-
dicular magnetization was reported in antiperovskite nitride
Mn4N films grown on various substrates such as glass [8],
Si(001) [9], MgO(001) [10–13], and SrTiO3(STO)(001) [11].
Figure 1 shows a schematic of the antiperovskite lattice.
Mn4N is a cubic ferrimagnetic metal with the Curie temper-
ature of 745 K, and the lattice constant of bulk samples is
0.3865 nm [14]. One N atom is located at the body center
of the cube and the Mn atoms are at the corner (I) and
face-centered (II) sites. The spin magnetic moments per Mn
atom in Mn4N were determined to be mspin[Mn(I)] = 3.85μB

and mspin[Mn(IIA) and Mn(IIB)] = −0.90μB for a saturation
magnetization of 1.14μB/formula units (f.u.) at 77 K from a
neutron-diffraction measurement [14]. Here, μB is the Bohr
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magneton. The magnetic and transport properties of epitaxial
Mn4N films grown on MgO(001) by pulsed laser deposition
have been investigated, and a relatively large anomalous
Hall effect is observed [12]. In addition, fast current-induced
magnetic domain-wall motion owing to spin-transfer torque
is reported [15], paving the way to sustainable spintronics
devices. We have succeeded in growing 15–30-nm-thick epi-
taxial Mn4N films on MgO(001) and STO(001) substrates by
molecular-beam epitaxy (MBE) [11], and observed PMA. Our
x-ray diffraction (XRD) measurement confirmed the tetrago-
nal lattice formation with a ratio of the out-of-plane lattice
constant c to the in-plane lattice constant a,c/a of 0.99, which
could be considered as an origin of PMA [11]. It was reported
in Refs. [10], [12], and [13] that this c/a ratio was independent
of the film thickness and substrates used. We have also paid
special attention to other antiperovskite ferromagnetic nitrides
such as Fe4N and Co4N, and their alloys (CoxFe4−xN), which
are predicted to have a large negative spin polarization in
the density of states at the Fermi level (Co4N and Co3FeN)
or in electrical conductivity (Fe4N) [16–18]. Ternary alloys
consisting of antiperovskite magnetic nitrides attract much
attention in terms of the growing flexibility in controlling
their electronic structures and magnetic properties via the
compositional variation of the 3d elements. In fact, syn-
thesis and characterization of numerous antiperovskite-based
nitrides such as NixMn4−xN, FexMn4−xN, and NixFe4−xN
have been carried out from the viewpoints of both theories
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FIG. 1. Schematic of an antiperovskite-type lattice structure.

and experiments [19–27]. We achieved epitaxial growth of
CoxFe4−xN films on STO(001) substrates [28–30]. Element-
specific magnetic moments, electronic structures, and trans-
port properties of the CoxFe4−xN films were studied by x-
ray magnetic circular dichroism (XMCD) in x-ray absorption
spectroscopy (XAS) [31–33], spin-resolved photoemission
spectroscopy [34], and anisotropic magnetoresistance [35].
The atomic disorders of Co-Fe in the antiperovskite lattice
and the sign of spin polarization were revealed. In con-
trast, there have been no reports thus far on the growth of
CoxMn4−xN films, and thereby their fundamental properties
have yet to be investigated. Recently, magnetic compensation
in NixMn4−xN is reported at composition between x = 0.1
and 0.25 [20]. We also imagine that the addition of Co atoms
into Mn4N might cause the ferrimagnetic compensation, and
it is a desirable feature for magnetic domain-wall motion
devices.

In this study, we grew epitaxial CoxMn4−xN films with
x ranging from 0 to 4 on STO(001) substrates by MBE,
and evaluated their c/a, saturation magnetization (MS), mag-
netic anisotropy, and element-specific magnetic properties.
Through these experiments, we discuss the crystalline qual-
ities and magnetic properties of the CoxMn4−xN films.

II. EXPERIMENTS AND CALCULATION

Approximately 10-nm-thick MBE-grown CoxMn4−xN
films were prepared on STO(001) substrates with x varied
as 0, 0.2, 0.5, 0.8, 1.1, 1.3, 1.7, 2.3, 2.8, 3.6, and 4.0. The
lattice mismatches to STO (a = 0.3905 nm) are −1.0% for
Mn4N (a = 0.3865 nm in Ref. [14]) and −8.2% for Co4N
(a = 0.3586 nm in Ref. [36]). The CoxMn4−xN layers were
grown at 450 °C by supplying Co and Mn molecular beams
and radio-frequency N2 plasma simultaneously. x can be con-
trolled by changing the temperature of the crucibles in Knud-
sen cells for solid Co and Mn sources. After the growth of the
nitride layers, an Al or Au capping layer was formed in situ
to prevent oxidation of the nitrides. Rutherford backscattering
spectrometry and electron probe microanalyzer measurements
were performed to evaluate x. The crystalline quality of the
samples was characterized by XRD measurements with a
Cu Kα radiation source and reflection high-energy electron
diffraction (RHEED) observed along the STO[100] azimuth.
Lattice constants, a and c, and the ratio c/a of the CoxMn4−xN
layers were deduced from out-of-plane (ω-2θ ) and in-plane
(φ-2θχ ) XRD measurements, or x-ray reciprocal lattice map-
ping. Magnetization versus magnetic field (M-H ) curves were
measured at 300 K using a superconducting quantum inter-

ference device magnetometer. External magnetic fields (H) of
−50 to 50 kOe were applied parallel or perpendicular to the
film surface. To determine the volumes of the CoxMn4−xN
layers for calculating their MS value per unit volume, the
layer thicknesses were deduced with the x-ray reflectometry
method and the areas were estimated by using top-view photos
of the samples. For the Mn4N, Co0.8Mn3.2N, and Co4N [32]
films, we performed XAS and XMCD spectroscopies at 300 K
for the Co and/or Mn L2,3 edges using the total electron yield
method at the twin helical undulator beamline BL23SU [37]
of SPring-8 in Japan. With this, element-specific magnetic
properties of Co and Mn atoms in the Co0.8Mn3.2N film were
investigated. Circularly polarized soft x rays were incident
along positive or negative H (80 kOe for Mn4N and 30 kOe
for Co0.8Mn3.2N) applied perpendicular to the film surface
during the measurements, and we used their averaged spectra
for analysis.

XAS and XMCD spectra at the Mn L2,3 edges of Mn4N
were simulated by a combination of a first-principles calcula-
tion using the all-electron full-potential linearized augmented-
plane-wave (FLAPW) method and Fermi’s golden rule with
E1 transitions. Self-consistent-field calculations were per-
formed with the scalar relativistic scheme plus the spin-orbit
coupling in the second variation at every iteration. Some
more details of the methods were described in a previous
paper [38].

III. RESULTS AND DISCUSSION

A. Characterizations of crystalline quality and lattice constants

Figures 2(a)–2(f) display the ω-2θ XRD and RHEED
patterns of the CoxMn4−xN films (x = 0, 0.8, 1.1, 2.3, 2.8,
and 4.0). The diffraction lines corresponding to (001)-oriented
CoxMn4−xN are observed except for x = 1.1. As for x = 2.3
and 2.8, only small 002 lines can be found as indicated
by the black arrows in Figs. 2(d) and 2(e). The absence of
additional peaks in the XRD data indicates that no secondary
phases are detected in all the films. The RHEED patterns show
streaks in all the CoxMn4−xN layers, signifying the formation
of epitaxial CoxMn4−xN films. However, the streaks become
diffusive for x departing from 0 and 4, and the half-order
streaks shown by the white arrows in Figs. 2(a) and 2(f),
which correspond to the superlattice diffractions related to the
long-range atomic order of the N atoms, are not observed.
These results show that the crystallinity of the CoxMn4−xN
films is slightly degraded.

Figure 3 shows the in-plane lattice constant a, out-of-plane
lattice constant c, and c/a as a function of x deduced from
the ω-2θ and φ-2θχ XRD measurements, or x-ray reciprocal
lattice mapping for the CoxMn4−xN (x = 0, 0.2, 0.5, 0.8,
2.8, 3.6, and 4.0) films. In the Mn-rich films (0 � x � 0.8),
the lattice constants a and c are very close to the cubic
lattice constant of Mn4N (0.3865 nm) [14], and show no
significant variation. In the Co-rich samples (x � 2.8), the
lattice constant of the CoxMn4−xN films gradually decreases
with increasing x. These values are close to a reported value of
Co4N films (0.3586 nm) [36]. The tetragonally distorted lat-
tice (c/a = 0.98 − 0.99) is maintained for all the CoxMn4−xN
films.
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FIG. 2. ω-2θ XRD patterns of the CoxMn4−xN films (x = 0, 0.8,
1.1, 2.3, 2.8, and 4.0) on STO(001) substrates. Arrows in (d) and (e)
are a guide to indicate the peak position of 002. The insets show
the RHEED patterns of the nitride layers taken along STO[100]
direction.

B. Magnetic properties

Figures 4(a)–4(d) show the M-H curves of the CoxMn4−xN
films (x = 0.8, 1.1, 2.3, and 2.8). As to x = 0.8 [Fig. 4(a)],
the hysteresis curve is open and closed for out-of-plane and
in-plane H, respectively. Similar features are also observed for
samples with x = 0 [11,39], 0.2, and 0.5, demonstrating the
perpendicular magnetization up to x = 0.8 of the CoxMn4−xN
films [10–13]. On the other hand, the values of the remanent
magnetization (Mr ) of the CoxMn4−xN films with x � 1.1
[Figs. 4(b)–4(d)] under in-plane H are larger than those for
out-of-plane H, indicating that the magnetization easy axis
changes to the in-plane direction for x � 1.1. The coercive
force of the perpendicular M-H curves (blue lines in Fig. 4)
also becomes small for x � 1.1. The perpendicular magneti-
zation is a distinctive characteristic of the Mn4N films [10–13]
among the binary alloy antiperovskite nitrides. In contrast,
Co4N films on STO show an in-plane magnetization [29]. For
x = 0.8, MS is 15 emu/cm3 and the anisotropy field (Hk ) is
approximately 30 kOe. The uniaxial magnetic anisotropy en-
ergy Ku ≈ MSHk/2 is thus estimated to be 2.3 × 105 erg/cm3.
The reported Ku values for Mn4N films grown on MgO(001)
by MBE [11] and sputtering [13] are 2.2 × 106 and

FIG. 3. In-plane and perpendicular-to-plane lattice constants (a
and c), and c/a of the CoxMn4−xN films. Broken lines show the
reported lattice constants of Mn4N and Co4N.

8.8 × 105 erg/cm3, respectively. The addition of a small
amount of Co into Mn4N decreases Ku. In the vicinity of
x = 0.8, the easy magnetization axis switches from the out-
of-plane to in-plane direction of the film. It means that the
in-plane component is included and the squareness (Mr/MS)
of the perpendicular magnetization curve is lowered when x =
0.8. This is natural and is unlikely to be due to the segregation
of atoms.

Figure 4(e) presents MS as a function of x in the
CoxMn4−xN films. The MS values of the CoxMn4−xN films are
summarized in Table I. In going to larger x, MS first decreases
and takes its minimum at x = 0.8 and then increases and satu-
rates. This result is rather unexpected, because a monotonic
increase is generally expected for a simple evolution from
ferrimagnetic Mn4N to ferromagnetic Co4N. It also tells us
that one can control not only magnetic anisotropy but also MS

in a wide range from 15 to 1350 emu/cm3 by precisely tuning
Co concentration in the films.

To unravel the observed MS behavior, the element-specific
magnetic properties of the CoxMn4−xN films has been studied
through XMCD measurements for the Co and Mn L2,3 edges.
Figures 5(a) and 5(b) show the element-specific hysteresis
loops for Mn in the Mn4N film and for Co and Mn in the
Co0.8Mn3.2N film, respectively. The photon energies were
fixed at those in which the XMCD amplitude of Co L3 or
Mn L3 edge is maximized [see Figs. 5(e), 5(j), and 5(k)]. The
XMCD intensity is normalized by those at H = 50 kOe. A
finite value of MS at 300 K in the Co0.8Mn3.2N film is con-
firmed. The identical Mn and Co loops for the Co0.8Mn3.2N
film indicate a coherent rotation of the Mn and Co 3d mo-
ments with the applied field. The hysteresis loop for Mn
in the Mn4N film shows a good squareness, while for the
Co0.8Mn3.2N film, the squareness is degraded by the decrease
in Ku as described above. We find that the result in Fig. 5(b) is
overall consistent with the magnetization in Fig. 4(a) except
a nonsaturated behavior of the XMCD amplitude. It can be
speculated that such a discrepancy comes from the contri-
bution of paramagnetic interface between the capping layer
(∼3 nm) and the nitride layer. We note that the probing depth
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FIG. 4. M-H curves of the CoxMn4−xN [x = (a) 0.8, (b) 1.1, (c) 2.3, and (d) 2.8] films measured at 300 K. H was applied parallel (red) or
perpendicular (blue) to the sample surface. (e) x dependence of MS in the CoxMn4−xN.

of the XMCD measurement using total electron yield method
is typically 3–5 nm from the surface [40], which validates the
assumption.

We show the Co L2,3-edge XAS and XMCD spectra of
the Co0.8Mn3.2N film measured at 300 K together with the
results from the Co4N film [32] in Figs. 5(c)–5(f). Since the
XAS and XMCD spectra are highly sensitive to the local
electronic structure reflecting the local environment [26,41],
the difference in spectral shape illustrates that the Co atoms
in the Co0.8Mn3.2N film preferentially, not randomly, occupy
either the I or II atomic sites in the CoxMn4−xN lattice. In
our previous studies on CoxFe4−xN and NixFe4−xN films, the
transition metals at the I (II) site exhibit localized (itinerant)
3d states [26,41]. This is the case for Mn4N as supported
by the FLAPW calculation described below. The line shapes
of the XAS [Fig. 5(d)] and XMCD [Fig. 5(f)] spectra of

TABLE I. MS values of the CoxMn4−xN films measured at 300 K.

x MS [emu/cm3]

0 110
0.2 60
0.5 21
0.8 15
1.1 90
1.3 170
1.7 335
2.3 640
2.8 830
3.6 1350
4.0 1300

Co4N are very similar to those of Co metal as reported
previously [32]. The broad shoulders on the high-energy side
of each main peak in the XAS data are more prominent in
Co0.8Mn3.2N, which involve the appreciable modifications in
the XMCD shape. A detailed analysis is required for a full
description of the experimental results to identify the Co-
dominated site in the Co0.8Mn3.2N film. Note that the same
sign of the XMCD spectra indicates that the Co moment in
the Co0.8Mn3.2N film is oriented parallel to the field. Here,
we apply the magneto-optical sum rules [42] to the XAS and
XMCD spectra of the Co L2,3 edges in the Co0.8Mn3.2N film
shown in Figs. 5(c) and 5(e), and deduce mspin and the orbital
magnetic moment (morb) per Co atom. The hole number of
Co 3d states is determined following the method described
in Ref. [43]. mspin and morb obtained are 0.035 ± 0.002 and
0.0036 ± 0.0002 μB/Co atom, respectively, to yield a ratio of
morb/mspin = 0.10. This ratio coincides with that for the Co4N
film within the experimental error. The ratio is sometimes,
but not always, a measure of the degree of localization of
moments on Co. Thus again it is difficult to conclusively
determine the Co-dominated site in the Co0.8Mn3.2N film. The
total moment of mspin + morb = 0.038μB/Co is equivalent to
approximately 5 emu/cm3 for the unit cell’s volume of the
Co0.8Mn3.2N film (58.8 Å3).

Figures 5(g)–5(l) show the Mn L2,3- edge XAS and XMCD
spectra of the Co0.8Mn3.2N and Mn4N films measured at 300
K, together with those from MnFe2O4. The spectral shapes
of MnFe2O4 are characterized by the final state multiplets of
the 2p53d6 configuration from a highly localized Mn2+(3d5)
ground state [44]. Such fine structures emerge as a result
of electron localization and are caused by the intra-atomic
electrostatic coupling between a created core hole and the
3d holes of the outer shell [45]. The multiplet structure
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FIG. 5. Element-specific hysteresis loops for (a) Mn atoms of the Mn4N film, and (b) Co and Mn atoms of the Co0.8Mn3.2N film. (c)–(f)
XAS and XMCD spectra at the Co L2,3 edges for Co0.8Mn3.2N and Co4N. (c), (e) and (d), (f) are those for Co0.8Mn3.2N and Mn4N, respectively.
(g)–(l) XAS and XMCD spectra at the Mn L2,3 edges for Co0.8Mn3.2N, Mn4N, and MnFe2O4 [44]. (g), (j), (h), (k), and (i), (l) are those for
Co0.8Mn3.2N, Mn4N, and MnFe2O4, respectively. Measurement was conducted at 300 K with H applied perpendicular to the film surface.

superimposed on a metallic broad shape in the XAS spectra is
less pronounced in Co0.8Mn3.2N than in Mn4N. This strongly
suggests that Co atoms in the Co0.8Mn3.2N film preferentially
substitute into the I site for Mn with an essentially localized
Mn 3d5 character [26], while Mn atoms in this film are largely
located at the II site with highly metallic character.

The XMCD spectrum of the Mn4N film in Fig. 5(k) can
also be viewed as an overlap of such ionic and metallic
components characterized by features A and B, respectively,
with opposite signs. This is associated with the ferrimagnetic
order, in which the localized Mn(I) (feature A) and metallic
Mn(II) (feature B) moments are coupled antiparallel, while the
Mn(I) moment aligned parallel to the field. In the Co0.8Mn3.2N
film, the XMCD amplitude of B relative to A is enhanced,
consistent with the preferential occupation at the I site of Co.
Here, we should note that the composition ratio of the Co
atoms in Co0.8Mn3.2N is 16 at%, meaning that some Mn atoms
are located at the I site even if all the Co atoms occupy the I
site. More importantly, the signs of the XMCD signals for A
and B are both reversed. Since the Co(I) moment is antiparal-
lel to the Mn(I) moment, this finding indicates that the Mn(I)
moment provides a negative contribution to the total mag-
netization in the Co0.8Mn3.2N film [as schematically shown
later in Fig. 8(c)]. We performed the sum-rule analysis to the
Mn L2,3- edge XAS and XMCD spectra of the Co0.8Mn3.2N
film shown in Figs. 5(g) and 5(j) using the method described
in Ref. [46] with the 3d hole number (nh) of 5.4 predicted by
the first-principles calculation [Fig. 6(a)]. Site-averaged mspin

is estimated to be approximately 0.025 ± 0.003 μB/Mn, and
that for morb falls to zero within the experimental accuracy.
This small site-averaged mspin value is consistent with the
decrease of the total magnetization with increasing x up to
around x = 1 shown in Fig. 4(e). This indicates the shrink of
|mspin| in Mn(II) by replacing Mn(I) with Co.

To understand the experimental XMCD spectra of Mn4N in
more detail, we have performed FLAPW calculations. We first
show the theoretical density of states of Mn4N in Fig. 6(a).
Here we assume the ferrimagnetic spin structure as depicted
in Fig. 6(b) because the c/a value of Mn4N with this spin
structure is calculated to be 0.98 [39,47], which is close to the
experimental values [10–13]. In Fig. 6(a), narrow and wide
bandwidths are obtained for Mn(I) and Mn(II), respectively.
This suggests the localized and itinerant feature of the 3d
electrons in Mn(I) and Mn(II), respectively. The calculated
values of mspin for the Mn atoms at I, IIB, and IIA inequivalent
sites, and N atoms are 3.07, 0.64, −2.29, and 0.07 μB/atom,
respectively, as schematically shown in Fig. 6(b). These calcu-
lated mspin values are close to those reported in Refs. [39,47].
Total mspin is calculated to be −0.80μB/f.u. This value cor-
responds to a MS of 131 emu/cm3, similar to that found
experimentally (=110 emu/cm3) for our Mn4N film shown in
Fig. 4(e). For this theoretical magnetic structure, however, the
Mn(I) moment is aligned antiparallel to the field, in contrast
to what is observed in the XMCD data. This reveals some
quantitative discrepancies in the theoretical values. The sign
of calculated mspin in the IIA and IIB site is different, which
also contrasts with those obtained in Ref. [14]. Figures 7(a)–
7(c) show a comparison of the experimental and calculated
Mn L2,3 XAS and XMCD spectra. The calculated spectra are
broadened by Lorentzian functions with full width at half
maximum values of 0.97 and 0.36 eV for the L2 and L3 edges,
respectively [48]. Note that the sign of the theoretical XMCD
in Figs. 7(c) and 7(e) is inverted for comparison purpose.
The site-resolved spectra shown in Figs. 7(d) and 7(e) help
to identify the sources of the theoretical spectral features. The
largest negative (positive) XMCD signal at the L3 (L2) edge
is mainly contributed by Mn(I) followed by some structures
from Mn(IIA) as labeled in Fig. 7(c). Although there are
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FIG. 6. (a) Total density of states of each Mn site in Mn4N calculated by the first-principles calculation, and (b) its ferrimagnetic spin
structure with direction and magnitude of mspin (red, blue, green, and yellow arrows) and MS (black arrow).

some discrepancies, the theoretical XMCD curve captures
the important qualitative features in the experimental L3−
edge XMCD spectrum. This likely supports our interpretation
of the XMCD data that features A and B originate from
Mn(I) and Mn(II), respectively. In addition, this comparison
indicates that our theoretical treatment is oversimplified [49]
and the need for a more advanced theoretical modeling with
the core hole-3d and 3d-3d interactions even in this metallic
Mn4N. In this paper, we do not aim to get a perfect agreement
between the experimental and calculated results. We rather
intend to place an emphasis on understanding the occupation
sites and the spin orientations of the introduced Co atoms.
The current calculated spectrum reproduces the experimental
spectrum qualitatively and is considered to be sufficient to
discuss the evolution of spin structure of CoxMn4−xN.

As shown below in (I)–(V), we summarize the main points
in the interpretation of magnetic properties of CoxMn4−xN. (I)
MS takes the minimum around x = 0.8 [Fig. 4(e)]. (II) Since
the line shapes of the XAS spectrum of Co0.8Mn3.2N shown in
Fig. 5(c) and that of Co4N in Fig. 5(d) are different, Co atoms
in Co0.8Mn3.2N are located in a specific site unlike Co4N. (III)
The sign of the XMCD spectrum shown in Fig. 5(e) indicates

that the Co moment in the Co0.8Mn3.2N film is oriented
parallel to the total MS . (IV) The metallic broad shape in
the Mn L2,3 XAS spectra is more pronounced in Co0.8Mn3.2N
[Fig. 5(g)] than in Mn4N [Fig. 5(h)]. This strongly suggests
that Mn atom in the Co0.8Mn3.2N film is preferentially located
at the II site with highly metallic character, while Co is located
at the I site with an essentially localized character. (V) From
the XMCD spectrum of Mn L2,3 in Co0.8Mn3.2N [Fig. 5(j)],
mspin of itinerant Mn(II) 3d electrons (indicated by the sign of
peak B) and total MS direction are parallel to each other. In
contrast, mspin of localized Mn(I) 3d electrons (indicated by
peak A) is antiparallel to MS . By taking into account (I)–(V),
the variation of MS shown in Fig. 4(e) can be described on the
basis of the present XMCD results as shown in Fig. 8. Fig-
ures 8(a)–8(c) show schematics of spin structures and MS for
x = 0, 0.125, and 0.875 in CoxMn4−xN, respectively, ideally
expected from our experiments. In contrast to the theoretical
results, |mspin| of Mn(I) surpasses 3 × |mspin| of Mn(II) in
ferrimagnetic Mn4N, which results in uncompensated and
small MS . The total mspin of the I site starts to shrink by
substituting Co atoms with the antiparallel magnetic moments
and an almost-complete compensation of magnetic moments

FIG. 7. (a)–(c) Total XAS and XMCD spectra, and (d), (e) partial XAS and XMCD spectra at the Mn L2,3 edges of Mn4N.
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FIG. 8. Schematic of ferrimagnetic spin structure with direction
and magnitude of mspin (red, blue, green, and yellow arrows) and MS

(black arrow) for CoxMn4−xN [x = (a) 0, (b) 0.125, and (c) 0.875]
predicted from our experiments.

takes place around a specific Co composition of x = 0.8.
Above this concentration, the sum of mspin from Co I and
Mn II sites further grows together, which explains why MS

increases with x [see Fig. 4(e)].
Finally, we note again that the perpendicular magnetization

of CoxMn4−xN disappears around x = 1.0, which corresponds
to the case that all Mn(I) atoms are replaced by Co atoms.
This implies that the origin of PMA in CoxMn4−xN is closely
related to the difference between the local electronic structure
of the Mn(I) and Co(I) atoms under the tetragonal lattice
formation of c/a ∼ 0.99. Further theoretical investigation is
required towards a full understanding of the origin of PMA in
this system.

IV. CONCLUSION

We grew c-axis-oriented CoxMn4−xN epitaxial films
capped with an Al or a Au layer on STO(001) substrates by
MBE. The c/a ratios in the CoxMn4−xN films were found
to be approximately 0.98–0.99 from the XRD measurements
for all the samples regardless of x values. The perpendicu-

lar magnetization was clearly observed at 300 K in the M-
H curves for x � 0.8, whereas it disappeared for x � 1.1.
MS decreased with increasing x and reached a minimum of
15 emu/cm3 at x = 0.8 and increased for 0.8 � x � 3.6. We
performed XAS and XMCD measurements for the Co and/or
Mn L2,3 edges of the Co4N, Mn4N, and Co0.8Mn3.2N films.
We reveal that Co atoms tend to occupy the I site in the
CoxMn4−xN lattice, and their site-averaged mspin and morb are
determined to be 0.035 ± 0.002 and 0.0036 ± 0.0002 μB/Co
atom, respectively. More importantly, mspin of the Mn I site
is compensated with the sum of Mn II and Co I sites near
x = 0.8. The line shape of XAS and XMCD spectra for
the Mn L2,3 edges of Mn4N is qualitatively described by the
calculated spectra. Comparison between experimental and the
theoretical spectra reveals the localized and delocalized Mn
3d characters at the I and IIA sites. Our findings imply a
possibility to manipulate both magnetic anisotropy and MS

by changing x in CoxMn4−xN films and paves the way to
future spintronic devices. Especially, the nearly compensated
ferrimagnetic Co0.8Mn3.2N film is suitable for application to
current-induced domain-wall motion devices.
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